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Elastic scattering of 17F, 17O, and 19F on a heavy target in a microscopic continuum
discretized coupled-channels method
J. Grineviciute and P. Descouvemont
Physique Nucle´aire The´orique et Physique Mathe´matique, C.P. 229,
Universite´ Libre de Bruxelles (ULB), B 1050 Brussels, Belgium
Background: In the traditional continuum discretized coupled-channels (CDCC) method, the clusters of the projectile are
structureless. Exotic nuclei exhibit unusual properties and often show significant couplings to the continuum. Therefore,
reaction models that consider a more accurate structure of the projectile are often preferable. Microscopic description
of the projectile, based on an effective nucleon-nucleon (NN) interaction, in a microscopic CDCC (MCDCC) model
[Descouvemont and Hussein, Phys. Rev. Lett. 111, 082701 (2013)] has been successfully applied to the 7Li+208Pb
scattering.
Purpose: The MCDCC method is applied to low-energy elastic scattering of 17F, 17O, and 19F on 58Ni and 208Pb targets. The
goal of the calculations is twofold: to test the adequacy and the accuracy of the MCDCC model for heavier projectiles
and to study the contribution of various channels to the elastic scattering cross sections.
Methods: The elastic scattering cross sections are calculated by using the MCDCC method. The nucleon-target optical
potential is folded with the projectile densities resulting from an effective NN interaction, which includes central nuclear,
spin-orbit and Coulomb terms. Discretization of the continuum is achieved via the pseudostate method. Coupled
equations are solved by using the R-matrix method on a Lagrange mesh.
Results: For the test case of 17F at 10 MeV/nucleon, the cross sections are weakly sensitive to the choice of the effective NN
interaction. Three different energy-dependent optical nucleon-target potentials provide a similar reasonable agreement
with data. Just below the Coulomb barrier, the MCDCC significantly underestimates the cross sections at larger angles.
The coupling to continuum is not significant in most of the assessed cases.
Conclusions: The MCDCC is very satisfactory in the sense, that it includes the microscopic properties of the projectile in a
reaction model. Well above the Coulomb barrier, the cross sections are in a good agreement with the data. The reasons
for the discrepancy between the data and the calculated cross sections at the lower energies, which is also observed in a
traditional CDCC, are unclear.
PACS numbers: 25.70.-z, 25.60.-t
I. INTRODUCTION
The continuum discretized coupled-channels (CDCC)
method is a well-established theory [1–3] for direct nu-
clear reactions, including breakup. In the traditional
nonmicroscopic CDCC, the nucleus can be broken into
two fragments in the nuclear or Coulomb field of the tar-
get, thus involving three particles in the final state. The
clusters are structureless and interact via phenomeno-
logical potentials. The three-body scattering problem is
solved through a set of coupled Schro¨dinger-like differen-
tial equations. The breakup is included by expanding the
full three-body wave function in terms of a complete ba-
sis of the projectile’s bound and continuum states. The
coupling to continuum states is carried out through a dis-
cretization by using pseudo states, averaging over energy,
or by using a midpoint method [1].
The CDCC method has been extended to a fully micro-
scopic treatment of the two-cluster projectile and success-
fully applied to the 7Li+208Pb scattering [4]. Rather than
traditionally using the target-first cluster and the target-
second cluster optical potentials, the model relies on a
nucleon-target optical potential, which is folded with the
projectile densities, resulting from a Hamiltonian based
on an effective nucleon-nucleon (NN) interaction. A mi-
croscopic description of the projectile is especially desir-
able for reactions involving exotic nuclei, as they present
halo and cluster structure phenomena. Halo states ex-
ist as ground states of loosely bound nuclei as well as
excited states of well-bound nuclei. Due to the prox-
imity to continuum and to the large root mean square
(rms) radii, these nuclei exhibit significant couplings to
the continuum. Such nuclei are studied experimentally
through reactions induced by radioactive beams. Due to
the fragility of the exotic nuclei, as well as low production
cross sections, these studies are often difficult. Provided a
reliable nucleon-target interaction is available, the micro-
scopic CDCC (MCDCC) model is a powerful predictive
tool, when experimental data are not available.
The current work presents an application of MCDCC
to the low-energy elastic scattering of A=17 mirror nu-
clei, as well as 19F on a heavy target. 17F is a proton
drip line nucleus with its 5/2+ valence proton bound by
0.6 MeV. The first excited state of 17F is a proton-halo
state [5]. Its mirror nucleus 17O is well bound (Sn = 4.1
MeV). 19F is a stable nucleus with Sα = 4.014 MeV and
Sp = 7.994 MeV. Microscopic studies have been previ-
ously performed for the structure of 17F [6] and 19F [7],
the elastic scattering of 17F from a heavy target has been
analysed in the traditional CDCC approach [3, 8].
The goal of the present calculations is to investigate
the accuracy of the MCDCC model for heavier projec-
tiles and to study the contribution of various channels
to the elastic scattering cross sections. The MCDCC is
2tested for the 17F, 17O, and 19F projectiles on the 58Ni
and 208Pb targets at energies around the Coulomb bar-
rier. The 17F and 17O projectiles are described as a com-
position of 16O + nucleon subsystems and 19F nucleus as
a composition of 15N + α.
II. FORMALISM
A. Projectile description
1. Schro¨dinger equation
The Hamiltonian
H0 (r1, . . . , rA) =
A∑
i=1
Ti +
A∑
i>j=1
Vij (ri − rj) =
H1 +H2 + Tρ +
A1∑
i=1
A2∑
j=1
Vij (1)
describes the internal structure of the projectile consist-
ing of A nucleons. Here, Ti is the kinetic energy operator
associated with coordinate ri, defined from the c.m. of
the projectile, Vij is an effective NN interaction, contain-
ing Coulomb, central nuclear and spin-orbit parts. In the
MCDCC model, H0 is expressed as a composition of two
clusters, although, in principle, more clusters can be in-
cluded. H1 and H2 are the internal Hamiltonians of the
clusters, Tρ is the relative kinetic energy operator asso-
ciated with coordinate ρ. The Schro¨dinger equation for
the projectile
(H0 − E1 − E2)φ
jm
k = E
j
kφ
jm
k (2)
is solved as a generalized eigenvalue problem. E1 =
〈φ1 |H1|φ1〉 and E2 = 〈φ2 |H2|φ2〉 are the internal en-
ergies of the two clusters, and k is the excitation level.
The projectile wave functions φjmk , based on the inter-
nal antisymmetrized cluster wave functions φ1 and φ2 in
the resonating group method (RGM), are associated with
bound states at Ejk < 0 and represent square-integrable
approximations for continuum wave functions for Ejk > 0.
A discretization of the continuum is performed via the
pseudostate method.
For a (I1I2sljmk) channel, the RGM wave function is
written as
φlsjmk (ξ1, ξ2,ρ) =
A
[[
φI11 (ξ1)⊗ φ
I2
2 (ξ2)
]s
⊗ Yl (Ωρ) i
l
]jm
glsjk (ρ) ,
Ω ≡ (θ, ϕ) (3)
and φjmk =
∑
ls φ
lsjm
k . In Eq. (3) A is the A nucleon
antisymmetrizer. I1 and I2 are the spins of the two clus-
ters, ξ1 = {ri1 −Rc.m.1} and ξ2 = {ri2 −Rc.m.2} are
the sets of their internal translationally invariant coordi-
nates. In principle, any number of core excitations can be
included. The present calculations use only the ground
state wave function for the 16O cluster in the 17F and
17O projectiles and the ground state and the first excited
state wave functions for the 15N cluster in the 19F projec-
tile. The internal wave functions φ1 and φ2 are defined in
the harmonic oscillator model with a common harmonic
oscillator size parameter b, as to avoid the spurious c.m.
components.
In the equivalent generator coordinate method (GCM),
the relative RGM component glsjk is expanded over a
Gaussian basis
glsjk (ρ) =
∑
n
f lsjk (Sn) Γ
l
k (ρ, Sn) , (4)
where [9]
Γlk (ρ, Sn) =
( µ0
πb2
)3/4
exp
[
−
µ0
2b2
(
ρ2 + S2n
)]
il
(
µ0ρSn
b2
)
(5)
and il (x) =
√
π/2xIl+1/2 (x) is a modified spherical
Bessel function, µ0 =
A1A2
A , allowing the projectile wave
function φjmk to be expressed as a superposition of the
projected Slater determinants Φlsjm in a two-center har-
monic oscillator shell model with the same harmonic os-
cillator parameter b [9]:
φjmk =
1
Φc.m.
∑
lsn
f lsjk (Sn)Φ
lsjm (Sn) . (6)
Here, Φc.m. is the c.m. wave function [9]. The expansion
coefficients f lsjk (Sn) in Eq. (6) are obtained by solving a
generalized eigenvalue problem involving projected GCM
kernels:∑
n′lsl′s′
[〈
Φ¯lsj (Sn) |H0| Φ¯
l′s′j (Sn′)
〉
−Ejk
〈
Φ¯lsj (Sn) |Φ¯
l′s′j (Sn′)
〉]
f l
′s′j
k (Sn′) = 0. (7)
The matrix elements are calculated between the Slater
determinants Φlsj and then corrected for the c.m. com-
ponents.
2. Projectile densities
The projectile transition densities are used in the
MCDCC model to determine the coupled-channel poten-
tials (see Eq. (15) below), and are obtained following
Ref. [10]. The transition mass densities, defined as [11]
ρj′m′k′,jmk (r) =
〈
φj
′m′
k′
∣∣∣∣∣
A∑
i=1
δ (ri − r)
∣∣∣∣∣φjmk
〉
, (8)
may be expanded in multipoles
ρj′m′k′,jmk (r) =
∑
λ
ρ
(λ)
j′j (r) 〈jmλµ|j
′m′〉Y ∗λµ (Ωr) . (9)
3The corresponding proton and neutron density matrix
elements are defined as [10]
ρ
p(n)
j′m′k′,jmk
(r) =
〈
φj
′m′
k′
∣∣∣∣∣
A∑
i=1
δ (ri − r)
(
1
2
− ǫp(n)tzi
)∣∣∣∣∣φjmk
〉
(10)
and can be expanded analogously to Eq. (9). Here,
the convention of tz = 1/2 for the neutron is used, and
ǫp(n) equals +1 and -1 for proton and neutron densities,
respectively. The density matrix element (10) between
the two Slater determinants Φlsjm contains a spurious
c.m. component, which can be factored out from the
form factors using the expressions given in Ref. [10].
B. Projectile-target system
The Hamiltonian for an inert target and a projectile
H = H0 (r1, . . . , rA) + TR +
A∑
i=1
Vti (ri −R) (11)
involves the projectile Hamiltonian H0 (1), a kinetic en-
ergy operator for the target-projectile relative motion
TR and a target-nucleon interaction Vti, where R is the
target-projectile coordinate. The total wave function of
the projectile-target system can be expanded in terms of
a complete set of the projectile states φjk. This involves
a sum over the bound projectile states and an integral
over momentum for the continuum states. In CDCC, the
continuum is discretized and the total wave function is
expanded as
ΨJMpi =
∑
jkL
iL
uJpijkL (R)
R
[
φjk ⊗ YL (ΩR)
]JM
, (12)
where L is the projectile-target angular momentum.
For the systems under investigation, the convergence is
reached for L = 200. The summation (12) is also trun-
cated at a maximum angular momentum jmax, as well as
at a maximum pseudostate energy, which limits k.
The total Hamiltonian (11) acting on Eq. (12) leads
to a set of coupled channel equations
−
~
2
2µ
[
d2
dR2
−
L (L+ 1)
R2
]
uJpic (R)+∑
c′
iL
′
−LV Jpicc′ (R)u
Jpi
c′ (R) =
(
E − Ejk
)
uJpic (R) , (13)
where c indicates a (jkL) channel. The relative energy
E is defined from the ground state of the projectile. V Jpicc′
potentials describe the nuclear and Coulomb couplings
between the internal states φjk of the projectile:
V Jpicc′ (R) =〈[
φjk ⊗ YL (ΩR)
]J ∣∣∣∣∣
A∑
i=1
Vti (ri −R)
∣∣∣∣∣
[
φj
′
k′ ⊗ YL′ (ΩR)
]J〉
.
(14)
In the MCDCC calculation, the nucleon-nucleus optical
potential Vti is independent of L, as the spin-orbit part
of the potential is neglected.
By noting that〈
φj
′m′
k′
∣∣∣∣∣
A∑
i=1
Vti (ri −R)
∣∣∣∣∣φjmk
〉
=
〈
φj
′m′
k′
∣∣∣∣∣
∫ A∑
i=1
Vti (r) δ (ri −R− r) d
3
r
∣∣∣∣∣φjmk
〉
=
∫
Vti (r) ρj′m′k′,jmk (r + R) d
3r, (15)
and by using a multipole decomposition, analogous to
Eq. (9), for the proton and neutron densities, the ra-
dial matrix elements (15) are obtained in terms of V
(λ)
ti
multipoles, which are calculated by folding the projectile
proton and neutron density multipoles with the nucleon-
target optical potential in the momentum space [12].
λmax = 2 is chosen for the multipole expansion in the
calculations.
The coupled channel equations (13) are solved using
the R-matrix method on a Lagrange mesh [2, 13] (see the
Appendix). A channel radius a = 20 fm is chosen for the
systems with the 17F or 17O projectiles. The R matrix is
propagated over four intervals, each interval employing
150 Lagrange mesh points. For the 19F + 208Pb system,
the chosen channel radius is 25 fm, and the R matrix is
propagated over four intervals, each employing 190 mesh
points.
C. Conditions of the calculation
1. Effective NN interaction
The effective NN interaction employed in the MCDCC
internal Hamiltonian (1) involves a central nuclear com-
ponent, the Coulomb potential and a zero-range spin-
orbit term as defined in Ref. [9]. The noncentral forces,
as well as the one pion exchange potential (OPEP) contri-
butions, are simulated by an appropriate choice of central
effective interaction, which is well adapted to harmonic
oscillator orbitals.
Parameters of the effective NN interaction are adjusted
to reproduce the excitation energies of the ground state
and an excited state of the projectile. The NN interac-
tion, based on a Volkov force, parametrized to reproduce
the ground state and the first excited state of the 17F pro-
jectile, provides almost identical elastic scattering cross
sections at 10 MeV/nucleon to those, that use the Min-
nesota NN interaction. As the sensitivity to the choice of
the effective NN interaction is small, all calculations are
performed with the Minnesota interaction.
The Minnesota interaction parameters, that repro-
duce the 17F bound states, are the admixture param-
eter u= 0.917 and the spin-orbit amplitude S0 = 33.8
4MeV fm5. Parameters u= 0.9245 and S0 = 34.3 MeV fm
5
reproduce the ground state and the first excited state of
17O. Negative-parity states of 17O are not described by
the 16O + n configuration, and, therefore, are among the
pseudostates that simulate the continuum. The experi-
mental transition probability B(E2, 5/2+ → 1/2+) from
the first excited state to the ground state of 17F is 64.9
e2fm4, the corresponding value from the GCM calcula-
tion is 50.1 e2fm4.
For the 19F projectile, the parameters of the effective
NN interaction, that reproduce the ground state (g. s.),
as well as the 5/2+ bound state, are u= 0.8185 and
S0 = 35.0 MeV fm
5. The negative-parity states as well
the bound 3/2+ are much higher compared to the exper-
imental energy levels, as shown in Fig. 1.
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FIG. 1: (Color online) Bound states of 19F with respect to
the 15N + α threshold, resulting from a Minnesota effective
NN interaction with parameters u = 0.8185 and S0 = 35.0
MeV fm5.
2. Model space
In the CDCC method, the total wave function (12) is
expanded in terms of the projectile states φjk. The pro-
jectile continuum is truncated at a maximum projectile
excitation energy and a maximum angular momentum
jmax.
For the systems with A = 17 projectile, the full calcu-
lation includes pseudostates up to 20 MeV. For the 17F
projectile, the jpimax = 5/2 states, included in the calcu-
lation, are shown in Fig. 2. For the 17O projectile, the
angular momentum jpimax is cut at 7/2 . Increasing the
cut-off energy or jmax of the projectile partial waves does
not change the resulting cross sections.
The calculation for the 19F + 208Pb system includes
pseudostates up to 10 MeV. The cut-off angular momen-
tum jpimax is 5/2.
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FIG. 2: (Color online) 17F states included in the MCDCC
calculation.
3. Nucleon-target optical potential
Ideally, one would want to find the energy-dependent
nucleon-target interaction that reproduces the experi-
mental cross sections without any further parameters.
That would allow reliable predictions for the cross sec-
tions, where the experimental data are not available.
In Fig. 3, we compare the single-channel 17F+208Pb
elastic scattering cross sections, resulting from three dif-
ferent global nucleon-target optical potentials [14–16].
The spin-orbit part of all these potentials is not included
in the calculations. The top panel of Fig. 3 shows the cal-
culation at 10 MeV/nucleon. The single-channel calcu-
lations underestimate the cross sections at larger angles.
An agreement to data is acceptable. At this energy, the
Koning-Delaroche [14], the CH89 [15] and the Bechetti-
Greenlees [16] interactions result in very similar elastic
scattering cross sections.
The bottom panel of Fig. 3 shows the 17F(g. s.)+208Pb
elastic cross sections at Elab = 90.4 MeV. The single-
channel calculations are in poor agreement with the data.
The difference between the Koning-Delaroche [14] cross
sections and the other two potentials [15, 16] is large.
The CH89 [15] potential only fits the data at or above
10 MeV/nucleon, to avoid the problems with compound
elastic scattering [19]. Ref. [16] notes that substantial
compound elastic scattering corrections are needed for
the data below 10 MeV/nucleon.
Figure 4 shows the proton and neutron elastic scatter-
ing of 208Pb for the three aforementioned interactions.
The top panel of Fig. 4 shows the proton scattering at 11
MeV, the middle panel shows the neutron scattering at 10
MeV, and the bottom panel shows the neutron scattering
at 5.5 MeV. Results presented in the next section employ
the Koning-Delaroche optical potential, which provides
the best agreement with the data.
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FIG. 3: (Color online) Differential elastic cross sections, rela-
tive to Rutherford, for the scattering of 17F on 208Pb. The top
panel and the bottom panel show the scattering at Elab = 170
MeV and at Elab = 90.4 MeV, respectively. The solid line
shows the single-channel calculation that uses the Koning-
Delaroche [14] nucleon-target potential (KD02), the dashed
line corresponds to the CH89 [15] potential and the dotted line
to the Bechetti-Greenlees (BG69) [16] potential. Quasielastic
scattering data at Elab = 170 MeV and Elab = 90.4 MeV are
from Ref. [17] and Ref. [18], respectively.
III. RESULTS
A. Application to 17F projectile
In this section, the MCDCC method is applied to the
17F + 58Ni and 17F + 208Pb elastic scattering reactions.
The Coulomb barrier is VB,lab ≈ 46 MeV for the
58Ni
target, as quoted in Ref. [8], and VB,lab = 91.7 MeV for
208Pb target, as quoted in Ref. [23].
For the 17F + 208Pb system, well above the Coulomb
barrier, at Elab = 170 MeV, the calculated differential
elastic scattering cross sections, relative to Rutherford
cross section, are shown in the top panel of Fig. 5. The
figure shows the single-channel as well as the multichan-
nel calculations. The single-channel and the two-channel
17F(g. s., first excited state) cross sections are indistin-
guishable at the scale of the figure. The role of excited
channels is small. This result is consistent with the con-
clusion of Ref. [3], in which the difference between the
single-channel and a full calculation is not significant [24].
The cross sections at 170 MeV are compared to the
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FIG. 4: (Color online) The top panel shows the differential
elastic cross sections, relative to Rutherford, for the proton
scattering of 208Pb at 11 MeV. The middle panel and the bot-
tom panel show the differential elastic cross sections for the
neutron scattering of 208Pb at 10 MeV and 5.5 MeV, respec-
tively. The solid line corresponds to a Koning-Delaroche [14]
nucleon-target potential (KD02), the dashed line results from
the CH89 [15] potential and the dotted line is for the Bechetti-
Greenlees (BG69) [16] potential. The proton scattering data
are taken from Ref. [20], and the neutron scattering data are
from Ref. [21] and [22] as in [14] at 10 MeV and 5.5 MeV,
respectively.
quasielastic data from Ref. [17] as in Ref. [3], in which
the 1/2+ excited state could not be separated from the
data. As shown in Fig. 6, the theoretical contribution
from the inelastic cross sections due to the first excited
state of 17F is small, leading to quasielastic cross sections
almost identical to the elastic scattering cross sections.
To better reproduce the data, the real part of the opti-
cal Koning-Delaroche potential needs to be renormalized
by a 0.65 factor. The effect of a renormalization on the
17F+208Pb elastic cross section at 10 MeV/nucleon is il-
lustrated in Fig. 7, by increasing and reducing only the
real part (top panel) and only imaginary part (bottom
panel) of the Koning-Delaroche potential.
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FIG. 5: (Color online) Differential elastic cross sections, rela-
tive to Rutherford, for the scattering of 17F on 208Pb. The top
panel shows the scattering at 10 MeV/nucleon. The solid line
shows the full MCDCC calculation and the dashed line shows
the single-channel 17F+208Pb calculation. The dotted line
shows a full MCDCC calculation with a renormalized Koning-
Delaroche potential. The scaling factor for the real part of the
potential is 0.65. Quasielastic scattering data are taken from
Ref. [17]. The middle panel and the bottom panel show the
cross sections for the same system at 98 MeV and 90.4 MeV,
respectively. The solid line shows the full MCDCC calcula-
tion and the dashed line shows a single-channel 17F+208Pb
calculation. Quasielastic scattering data are taken from Ref.
[18].
98 MeV and Elab = 90.4 MeV, the
17F + 208Pb elas-
tic scattering cross sections, relative to Rutherford, are
shown in the middle and the bottom panels of Fig. 5, re-
spectively. The agreement with the data is poor. Similar
results are obtained in the traditional CDCC [24]. Exper-
imental data at lower energies are taken from Ref. [18].
The contributions from the first excited states in both 17F
and 208Pb are not separated from the experimental scat-
tering data. In the MCDCC calculation, the 208Pb target
is structureless and the inelastic scattering contribution
from the 1/2+ excited state in 17F is small. Therefore,
10 20 30 40 50 60
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17F+208Pb -->  
17F*+208Pb
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FIG. 6: The inelastic cross section, relative to Rutherford, for
the scattering of 17F on 208Pb at 10 MeV/nucleon.
the elastic scattering cross sections are indistinguishable
from the quasielastic scattering cross sections.
For the 17F + 58Ni system, well above the Coulomb
barrier, at Elab = 170 MeV, the calculated differential
elastic cross sections, relative to Rutherford cross section,
are shown in the top panel of Fig. 8. The couplings to
continuum are small. The elastic cross sections are com-
pared with the quasielastic data from Ref. [17] as in Ref.
[3], in which the 1/2+ excited state could not be sepa-
rated from the data. Without any additional parameter,
the MCDCC provides fair cross sections. The calculated
contribution from the inelastic cross sections due to the
first excited state of 17F is small, leading to quasielastic
cross sections indistinguishable from the elastic scatter-
ing cross sections. To better reproduce the experimen-
tal cross sections, the real part of the optical Koning-
Delaroche potential can be renormalized by a factor of
0.8.
The quasielastic experimental data for the 17F + 58Ni
reaction just above the Coulomb barrier at 58.5 MeV [8]
include the inelastic processes leading to an excitation
of the projectile and the target low-lying states, transfer
reaction products and 16O breakup fragments. As those
contributions compared to elastic scattering cross sec-
tions are small [8], a comparison to the MCDCC elastic
scattering cross sections is justified. The single-channel
cross sections, the full MCDCC calculation, and the cross
sections that include the inelastic as well as breakup con-
tributions, are shown in the lower panel of Fig. 8.
B. Application to 17O projectile
The Coulomb barrier for the 17O + 208Pb system is
VB,lab ≈ 83 MeV, as quoted in Ref. [18], and VB,lab ≈ 44
MeV for the 17O + 58Ni system. The differential elastic
scattering cross sections of the well bound 17O nucleus
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FIG. 7: (Color online) Differential elastic cross sections, rel-
ative to Rutherford, for the scattering of 17F on 208Pb at
10 MeV/nucleon. The top (bottom) panel shows the full
MCDCC calculation with the real (imaginary) part of the
Koning-Delaroche [14] potential scaled by 1.2, 1.0, 0.8 and
0.6. The quasielastic scattering data are taken from Ref. [17].
(Sn = 4.1 MeV) on
58Ni just above the Coulomb barrier
at Elab = 55 MeV, relative to Rutherford cross section,
are shown in Fig. 9. The single-channel and the mul-
tichannel calculations provide very similar cross sections
on a logarithmic scale. The role of excited states is again
small. The MCDCC calculation underestimates the cross
sections at larger angles. Quasielastic experimental data
[25] do not exclude the contribution from the 1/2+ ex-
cited state of 17O. As in the case of the 17F projectile,
the theoretical inelastic scattering cross section to the
first excited state of 17O is small.
Just below the Coulomb barrier, at Elab = 78 MeV,
for the 17O + 208Pb system, the differential elastic cross
sections, relative to Rutherford cross section, are shown
in Fig. 10. In this case, the excited states of 17O are
contributing significantly. Figure 10 shows the single-
channel, the two-channel and the multichannel calcula-
tions without a renormalization factor for the Koning-
Delaroche potential. Experimental data are taken from
Ref. [26]. Unlike in the case of 17F, for which the agree-
ment with data is poor near the Coulomb barrier, the
elastic scattering cross sections obtained for the 17O pro-
jectiles are closer to the data.
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FIG. 8: (Color online) Differential elastic cross sections, rel-
ative to Rutherford, for the scattering of 17F on 58Ni. The
top panel shows the scattering at 10 MeV/nucleon. The solid
line shows the full MCDCC calculation and the dashed line
shows the single-channel 17F+208Pb calculation. The dot-
ted line shows a full MCDCC calculation with a renormalized
Koning-Delaroche potential. The scaling factor for the real
part of the potential is 0.8. Quasielastic scattering data are
taken from Ref. [17]. The bottom panel shows the scattering
at 58.5 MeV. The solid line shows the full MCDCC calcu-
lation, the dashed line shows the single-channel 17F+208Pb
calculation and the dotted line shows the cross sections that
include the inelastic and breakup contributions. Quasielastic
scattering data are taken from Ref. [8].
C. Application to 19F projectile
The Coulomb barrier for the 19F + 208Pb system is
VB,lab ≈ 94 MeV. The calculated cross sections are
weakly sensitive to Emax and hence to the quality of the
spectrum.
The differential elastic scattering cross sections, rela-
tive to Rutherford, just above the Coulomb barrier at
102 MeV and just below the Coulomb barrier at 91 MeV
are shown in the top panel and the bottom panel of
Fig. 11, respectively. Figure 11 shows the single-channel
19F(g. s.) + 208Pb, the two-channel 19F(g. s., 5/2+) +
208Pb and the full MCDCC calculations. The cross sec-
tions at 102 MeV, shown in the top panel of Fig. 11,
are in reasonable agreement with the data without any
renormalization factor.
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FIG. 9: (Color online) Differential elastic cross sections, rel-
ative to Rutherford, for the scattering of 17O on 58Ni at
Elab = 55 MeV. The solid line shows the full MCDCC calcu-
lation and the dashed line shows the single-channel 17O+58Ni
calculation. Quasielastic experimental data are taken from
Ref. [25].
40 60 80 100 120 140 160 180
0.5
0.6
0.7
0.8
0.9
1.0 17O+208Pb
 @ 78 MeV
 
 
d
/d
R
c.m.(deg)
 Exp. Lilley '87
 1 channel
 2 channel
 multi channel, jmax=5/2
 multi channel, jmax=7/2
FIG. 10: (Color online) Differential elastic cross sections, rel-
ative to Rutherford, for the scattering of 17O on 208Pb at
Elab = 78 MeV. The solid line shows the full MCDCC cal-
culation, the dashed line and the dotted line show a single-
channel 17O+208Pb and a two-channel 17O(g. s., 1st ex. s.) +
208Pb calculation, respectively. Experimental data are taken
from Ref. [26].
At 91 MeV, the calculations, shown in the bottom
panel of Fig. 11, underestimate the cross sections at
large angles. The calculations do not include any renor-
malization factor for the nucleon-target optical poten-
tial. Quasielastic scattering data [27] do not exclude
the inelastic scattering due to the 1/2− and 5/2+ ex-
cited states. The theoretical inelastic contribution to the
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FIG. 11: (Color online) Differential elastic cross sections, rel-
ative to Rutherford, for the scattering of 19F on 208Pb. The
top panel and the bottom panel show scattering at Elab = 102
MeV and Elab = 91 MeV, respectively. The dashed line
shows the single-channel 19F+208Pb calculation, the dotted
line shows the two-channel 19F(g. s., 5/2+) + 208Pb calcu-
lation and the solid line shows the full MCDCC calculation.
Quasielastic scattering experimental data are taken from Ref.
[27].
quasielastic scattering data is small.
IV. CONCLUSIONS
The MCDCC is very satisfactory in the sense, that it
includes the microscopic properties of stable and exotic
nuclei in a reaction model. The structure of the fully
antisymmetric projectile is described via an effective NN
interaction. The nucleon-target interaction in a folding
model relies on the well known nucleon-nucleus optical
potentials. The target in the model is structureless, and
the cross sections are weakly sensitive to the choice of
the Volkov or the Minnesota NN force.
The MCDCC could be improved in several ways. It can
include the target, as well as the additional core excita-
tions. At lower energies, the role of the target excitations
is expected to be small. The present calculations treat
17F as a 16O + p configuration, 17O as 16O + n, and
19F as 14N + α. Other configurations can also be cou-
pled, e.g. 13N + α for 17F, however that would be more
complicated.
At 170 MeV, the cross sections for the 17F + target
9systems are in a good agreement with data. Just above
and below the Coulomb barrier, an agreement with the
data for the A = 17 projectiles is much less satisfactory.
The reasons for this discrepancy, which is also found in
the traditional CDCC, are unclear. For all systems un-
der investigation, the breakup and the inelastic scatter-
ing are small and thus cannot account for the difference
in the cross sections at near-Coulomb energies. A good
agreement with the data is reached for the 19F + 208Pb
system at 102 MeV, which is just above the Coulomb
barrier; however, the cross sections are underestimated
just below the Coulomb barrier, at 91 MeV.
In most assessed cases, the coupling to continuum is
not significant. A substantial contribution from the ex-
cited channels is found for the elastic scattering of 17O
+ 208Pb system at 78 MeV.
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Appendix: R-matrix method on a Lagrange mesh
The R-matrix formalism divides the configuration
space into internal and external regions, separated by
the boundary surface, defined by channel radii. These
radii are chosen large enough, so that the system would
interact only through the known long range forces in the
exterior region. The scattering wave functions in the
asymptotic region are approximated by their asymptotic
expressions, which are known, except for the coefficients
related to the scattering matrix Ucc′ . In the interior re-
gion, the radial wave functions uJpic in Eq. (13) are ex-
panded over a discrete basis
uJpic (R) =
N∑
n=1
AJpicn ϕn (R) . (A.1)
In the Lagrange mesh method, ϕi (x) are the Lagrange
basis functions, associated with the Gauss quadrature
[13]. Every function ϕi (x) satisfies Lagrange conditions
ϕj (xi) = λ
−1/2
i δij , that is it vanishes at all mesh points
except one. xi are the N roots of the associated or-
thogonal polynomial and λi are the weights of the Gauss
quadrature formula [2, 13]. The here employed method
relies on a mesh of points {xi} in the interval [0, a] built
with the zeros of a Legendre polynomial of degree N ,
PN (2xn − 1) = 0 [2].
The scattering matrix Ucc′ and the expansion coeffi-
cients AJpicn in Eq. (A.1) are determined by matching
solutions in the internal and external regions. By using a
common channel radius a for all channels, the R matrix
is expressed as in Ref. [2] as
RJpicc′ =
~
2
2µa
∑
nn′
ϕn (a)
[(
C
Jpi
)
−1
]
cn,c′n′
ϕn′ (a) , (A.2)
CJpicn,c′n′ =
〈
ϕn
∣∣∣(T + L+Ejk − E) δcc′ + V Jpicc′ ∣∣∣ϕn′〉 . (A.3)
Here, the Bloch operator L in Eq. (A.3) is added to
make the Hamiltonian (11) in Eq. (13) Hermitian. In
the Lagrange mesh method, the calculation of CJpicn,c′n′
matrix elements (A.3) is limited to the mesh points. By
using the Gauss approximation, the overlap between the
Lagrange basis functions is 〈ϕi|ϕj〉 = δij , the matrix ele-
ments for the potential are 〈ϕi |V |ϕj〉 = V (axi) δij , and
the analytic expressions for the matrix elements of the
kinetic energy and the Bloch operator at mesh points are
given in Ref. [13].
The collision matrix Ucc′ is defined as [2]
U
Jpi =
(
Z
Jpi
O
)
−1
Z
Jpi
I , (A.4)
where(
ZJpiO
)
cc′
= (kc′a)
−1/2
[
OL (kca) δcc′ − kc′aR
Jpi
cc′O
′
L′ (kc′a)
]
.
(A.5)(
ZJpiI
)
cc′
is defined by replacing the outgoing waves OL
and derivatives in Eq. (A.5) by incident waves IL and
their derivatives.
To improve the efficiency of the R-matrix calculation,
the model employs the propagation method, briefly pre-
sented in Ref. [28]. The wave function of the R matrix
is propagated over several intervals, thereby reducing the
required size of the basis {ϕi}.
[1] M. Yahiro et al, Prog. Theor. Exp. Phys. 1, 01A206
(2012).
[2] T. Druet et al, Nucl. Phys. A 845, 88 (2010).
[3] Y. Kucuk, A. M. Moro, Phys. Rev. C 86, 034601 (2012).
[4] P. Descouvemont and M. S. Hussein, Phys. Rev. Lett.
111, 082701 (2013).
[5] R. Morlock et al., Phys. Rev. Lett. 79, 3837 (1997).
[6] D. Baye, P. Descouvemont, and M. Hesse, Phys. Rev. C
58, 054604 (1998).
[7] P. Descouvemont and D. Baye, Nucl. Phys. A 463, 629
(1987).
[8] M. Mazzocco et al., Phys. Rev. C 82, 054604 (2010).
[9] P. Descouvemont and M.Dufour, in Clusters in Nuclei,
edited by Christian Beck, Lecture notes in Physics 848
10
(Springer, New York, 2012), Vol.2.
[10] D. Baye et al., Nucl. Phys. A 577, 624 (1994).
[11] M. Kamimura, Nucl. Phys. A 351, 456 (1981).
[12] G. R. Satchler and W. G. Love, Phys. Rep. 55, 183
(1979).
[13] M. Hesse et al., Nucl. Phys. A 640, 37 (1998).
[14] A. J. Koning and J. P. Delaroche, Nucl. Phys. A 713,
231 (2003).
[15] R. L. Varner and W. J. Thompson et al., Phys. Rep. 201,
57 (1991).
[16] F. D. Becchetti, Jr., and G. W. Greenlees, Phys. Rev.
182, 231 (1969).
[17] J. F. Liang et al., Phys. Lett. B 681, 22 (2009); J. F.
Liang et al., Phys. Rev. C 65, 051603 (2002).
[18] M. Romoli et al., Phys. Rev. C 69, 064614 (2004).
[19] W. Hauser and H. Feshbach, Phys. Rev. 87, 366 (1952).
[20] J. S. Eck and and W. J. Thompson, Nucl. Phys. A 237,
83 (1975).
[21] M. L. Roberts et al., Phys. Rev. C 44, 2006 (1991).
[22] W. E. Kinney, F. G. Perey, Rept: Oak Ridge National
Lab. Reports No. 4909 (1974).
[23] C. Signorini et al., Eur. Phys. J. A 44, 63 (2010).
[24] A. M. Moro and A. Garc´ıa R´ıos (private communication).
[25] C. Signorini et al., J. Phys.: Conf. Ser. 420, 012071
(2013).
[26] J. S. Lilley, M. A. Nagarajan and D. W. Banes et al.,
Nucl. Phys. A 463, 710 (1987).
[27] C. J. Lin et al., Phys. Rev. C 63, 064606 (2001).
[28] P. Descouvemont and D. Baye, Rep. Prog. Phys. 73,
036301 (2010).
